Abstract Tracer data demonstrate that waters in aquifers are often much older than the stream waters that drain them. This contrast in water ages has lacked a general quantitative explanation. Here we show that under stationary conditions, the age distribution of water stored in a catchment can be directly estimated from the age distribution of its outflows, and vice versa. This in turn implies that the storage selection function, expressing the catchment's preference for the release or retention of waters of different ages, can be estimated directly from the age distribution of outflow under stationary conditions. Using gamma distributions of streamflow ages, we show that the mean age of stored water can range from half as old as the mean age of streamflow (for plug flow conditions) to almost infinitely older (for strongly preferential flow). Many streamflow age distributions have long upper tails, consistent with preferential flow and implying that storage ages are substantially older than streamflow ages. Mean streamflow ages reported in the literature imply that most streamflow originates from a thin veneer of total groundwater storage. This preferential release of young streamflow implies that most groundwater is exchanged only slowly with the surface and consequently is relatively old.
Introduction
Many streams respond promptly to rainstorms, even though storm runoff often contains relatively little water that originates from current rainfall [Sklash and Farvolden, 1979; Kirchner, 2003; McDonnell and Beven, 2014] . Typical aquifers feeding these streams consist mostly of water that is decades to millennia in age [Gleeson et al., 2016; Jasechko et al., 2017] . In contrast, significant fractions of typical river flows are less than approximately 3 months old , indicating that river waters are generally much younger than the aquifers that feed them. Two distinct water age concepts must be distinguished here: (i) the residence time (the age, since its time of entry, of water stored in a catchment) and (ii) the transit time (the age, since its time of entry, of water leaving the catchment) [Bolin and Rodhe, 1973; Rinaldo et al., 2011] . Understanding a catchment's residence times and transit times is essential for quantifying hydrological processes [Kirchner, 2003; McDonnell and Beven, 2014; Hrachowitz et al., 2016] and for understanding biogeochemical cycles, contaminant transport, and chemical weathering [Gibbs, 1970; Kirchner et al., 2000; Stark and Stieglitz, 2000; Austin et al., 2004; Basu et al., 2010] . However, a simple, general explanation for the age dichotomy between rivers and their aquifers has remained elusive.
The age contrast between rivers and aquifers seems paradoxical: catchments' aquifers feed their rivers, so how can they be so much older than the rivers that drain them? However, simple physically based reasoning suggests that these age contrasts should be expected wherever aquifers are heterogeneous (which is to say: everywhere). As a simple example, consider a hypothetical aquifer (Figure 1 ) characterized by porosity (ϕ), a head gradient (ΔH) that drives darcy flow (q) over a length (L) and two equally thick transmitting layers with contrasting conductivities (K 1 ≠ K 2 ). The flow velocities (v) and the volumetric fluxes in each layer will be proportional to their conductivities (v i = K i (ΔH/L)/ϕ); in contrast, the ages of the waters flowing out of each layer (τ i ) will be inversely proportional to their velocities and thus their conductivities (τ i = L/v i = (L 2 • ϕ)/(ΔH • K i )).
Note that relative to its low-conductivity counterpart, the high-conductivity flow path will transmit more water (because it flows faster) and its discharge will be younger (because, again, it flows faster). Thus, the greater the contrast in conductivity, the older the volume-weighted mean age of water in the aquifer will be (τ r = (ϕ/4)(L 2 /ΔH) • (1/K 1 + 1/K 2 )) in comparison to the flow-weighted mean age of water exiting the aquifer
; the ratio between these means will be τ r =τ ¼ 0: Cardenas, 2007 Cardenas, , 2008 Wörman et al., 2007] . Given that aquifer conductivities can vary by orders of magnitude [Gleeson et al., 2011] , even within an individual catchment [Ameli et al., 2016] , it is not surprising that the mean ages of groundwaters and river waters can strongly differ. Other runoff generating mechanisms, such as overland flow [Horton, 1933; Dunne, 1978] and preferential flow [Beven and Germann, 1982, 2013] , can lead to similar contrasts in fluxes and flow velocities along different flow paths, resulting in age contrasts between streamflows and aquifers similar to those described here.
In addition to this hypothetical example, ages of flow and storage can also be quantified using simple physically based models for several other idealized aquifer representations [e.g., Chesnaux et al., 2005; Leray et al., 2016] . However, none of these approaches can quantify the effects of the more complex (and poorly characterized) flow path heterogeneity that is typically encountered in real-world catchments [McDonnell et al., 2007] . Spatially explicit models can represent more of the heterogeneity that is present at the catchment scale [e.g., Kollet and Maxwell, 2008; Engdahl and Maxwell, 2015; Maxwell et al., 2016] . However, representing the spatial complexity that characterizes real-world landscapes, especially in the subsurface, requires model assumptions and parameterizations that cannot be validated [Berkowitz, 2002; Beven, 2006] . In addition, such model simulations can at best reproduce the observed water age distributions only for particular cases, rather than quantitatively explaining the general contrast between catchment-scale residence times (of storage) and transit times (of streamflow).
Theoretical relationships between transit times and residence times of natural reservoirs (e.g., the atmosphere and ocean) were established decades ago using reservoir theory [Eriksson, 1961 [Eriksson, , 1971 Bolin and Rodhe, 1973] . Reservoir theory describes the conservation of mass and age in reservoirs and their outgoing fluxes. Under steady-state conditions, it can be used to infer the functional relationship between transit times and residence times. This relationship is in essence a specific case of the more general storage selection function framework van der Velde et al., 2012; Harman, 2015; Rinaldo et al., 2015] , which can be used to parameterize time-varying preferences for catchments to release water parcels of different ages. So far, applications of storage selection functions have mainly focused on relationships between time-varying age distributions of streamflow and storage [e.g., Botter, 2012; Harman, 2015; Kim et al., 2016; Benettin et al., 2017] , rather than exploring the steady-state case, which we explore here and which yields a unique relationship between transit times and residence times. Reservoir theory has previously been used to investigate particle-age fluxes through bounded domains (e.g., aquifers) [Etcheverry and Perrochet, 2000; Perrochet, 2006a, 2006b; Kazemi et al., 2006] , but an application for catchment-scale hydrology that clarifies and quantifies the connection between contrasting ages of streamflow and storage has not previously been attempted.
Here we apply reservoir theory to catchment-scale water partitioning and use it to show the quantitative linkage between transit time distributions and residence time distributions under stationary conditions (section 2). We provide examples of the relative age distributions of storage and streamflow, using gamma distributions as simple models for streamflow transit times (section 3). To illustrate the potential Figure 1 . Flow-weighted mean transit time (mean water age at exit) and volume-weighted mean residence time (mean water age of resident water) for a simple twocomponent aquifer with contrasting conductivities (K 1 ≠ K 2 ). The mean age of water in the aquifer (τ r ) is much older than the mean age of discharged water (τ) whenever there is a strong conductivity contrast, such that K 1 ≫ K 2 or K 1 ≪ K 2 ; the ratio between the mean ages is τ r =τ ¼ 0:
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of this approach, we use it to infer storage ages based on a range of streamflow age distributions reported in the literature (section 4).
Connection Between Storage and Outflow
Here we review basic principles of reservoir theory [Eriksson, 1961 [Eriksson, , 1971 Bolin and Rodhe, 1973] and outline its application to catchment-scale hydrology. We define the total water storage in a catchment as S 0 ; its corresponding cumulative age distribution S(τ) is the fraction of water in storage that has an age (since it has entered the catchment) of less or equal to τ. From S(τ), we can define the probability density function ψ(τ) of storage with respect to age τ (i.e., ψ(τ) = dS/dτ). Outflow has a constant rate O and a cumulative age distribution O(τ) that expresses the fraction of water leaving the catchment that has an age (since entry) of less than or equal to τ. From O(τ), we define the probability density function φ(τ) of outflow with respect to age (i.e., φ(τ) = dO(τ)/dτ) ( Figure 2 ). Note that outflow encompasses all water fluxes leaving the catchment, including evapotranspiration.
The age distributions of storage and outflow can be linked based on the conservation of mass and age. In steady state, the amount of water that reaches age τ per unit of time (i.e., S 0 ψ(τ)) must equal the flux leaving the catchment per unit time with an age older than
Simply stated: in steady state, the complementary cumulative age distribution of outflow, times the mean flow rate, must equal the probability density function of water ages in storage, times the total storage. This is physically equivalent to the steady-state solutions of mass and age conservation of equations described in earlier work [e.g., Ginn, 1999; Botter et al., 2011; van der Velde et al., 2012; Harman, 2015] . The conservation of mass and age that we describe here can be applied to any reservoir that is in steady state with its outgoing fluxes.
(Numerical experiments with Kirchner's [2016] nonstationary two-box model show that this result also holds, Figure 2 . The basic definitions of catchment storage and outflow and conservation of mass and age, illustrated by (hypothetical) steady-state age distributions. In steady state, the rate that stored water reaches a given age (the probability density function of stored water age times total storage, shown in the leftmost plot) must equal the outflow rate of all water of that age or older (the complementary cumulative distribution of outflow age times the mean outflow rate, the inverse of the rightmost plot).
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to a good approximation, in nonsteady-state systems forced by nonstationary precipitation inputs, as long as both sides of equation (1) are averaged over sufficiently long intervals. These numerical experiments are beyond the scope of the present paper and will be presented in future work.)
Conservation of mass and age (equation (1)) can be used to express the probability density functions and cumulative distributions of storage and outflow age as functions of each other. From the derivative of equation (1), one can show that the probability density function φ(τ) of outflow age is proportional to the derivative of the probability density function ψ(τ) of storage age:
Likewise, by rearranging equation (1), one can express the probability density function ψ(τ) of storage age and the cumulative distribution O(τ) of outflow age, as functions of one another:
and
and by integrating equation (3), one can show that the storage age distribution S(τ) is the appropriately scaled integral of the outflow age distribution O(τ):
The mean transit time of water leaving the catchment is
which will generally differ from the average age of particles stored (i.e., the mean residence time), given by
Equations (2)- (5) describe explicit quantitative relationships between storage residence time distributions and catchment transit time distributions and thereby correspond to the stationary case of the more general (nonstationary) storage selection function framework van der Velde et al., 2012; Harman, 2015; Rinaldo et al., 2015] . Storage selection functions express catchments' tendencies to release or retain waters of different ages. Using equation (3), one can directly calculate the storage selection function under stationary conditions from the age distribution of outflow alone, without any direct information concerning the age distribution of storage:
Conversely, one could also calculate the storage selection function under stationary conditions from the age distribution of storage alone, without any direct information concerning the age distribution of outflow:
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Age Distributions of Storage and Streamflow
To illustrate the relationship between storage and streamflow ages, here we give examples showing how specific transit time distributions of streamflow translate into storage age (Figure 3 ). This analysis assumes that either (a) evaporative fluxes are negligibly small, (b) they are nonnegligible but their age distribution is similar to that of streamflow, or (c) the storage in question is the storage from which streamflow is derived, rather than total catchment storage.
Gamma distributions have often been used to represent catchment transit times [e.g., Turner and Barnes, 1998; Kirchner et al., 2000; Dunn et al., 2010; Hrachowitz et al., 2010; Godsey et al., 2010; Tetzlaff et al., 2011; Heidbüchel et al., 2012; Seeger and Weiler, 2014] :
where Γ is the gamma function, α and β are a shape factor and scale factor, respectively, τ is the transit time, and τ (=αβ) is the mean transit time. The cumulative outflow age distribution O(τ) is as follows:
where γ is the lower incomplete gamma function. Catchments have often been assumed to approximate completely mixed systems with exponential transit time distributions; this behavior can also be described by the gamma distribution, which becomes the exponential distribution in the special case that α = 1. Dispersive transport over fixed path lengths will yield humped transit time distributions, which are approximated by the gamma distribution for α > 1. A fixed flow path without dispersion will exhibit plug flow and will be characterized by a Dirac delta transit time distribution. This can also be approximated by the gamma distribution, which becomes arbitrarily close to the Dirac delta function as α→∞. Gamma-distributed (a) probability density functions (φ(τ)) and (b) cumulative distributions (O(τ)) of streamflow transit times for (h) diverse shape factors (α) and catchment behaviors, and the (c) corresponding steady-state probability density functions (ψ(τ)) and (d) cumulative distributions (S(τ)) of aquifer storage ages, as well as the (e) corresponding steady-state storage selection functions, the relationships between the (f) cumulative storage and discharge distributions, and (g) the ratios of their means. Note that for each shape factor, the probability density function of storage (ψ(τ), Figure 3c ) is the inverse of the cumulative distribution function of streamflow (O(τ), Figure 3b ), as described by equation (1). For a completely mixed system (exponential distribution, α = 1), the streamflow and storage age distributions are identical (panel f), and the associated storage selection function is ω O = 1 (Figure 3e ). For preferential flow systems (α < 1), young storage is more likely to be converted to streamflow (Figure 3e ), and each quantile of the storage age distribution is older than the same quantile of the streamflow age distribution (Figure 3f ), whereas the opposite is true for systems with humped streamflow age distributions (α > 1). The mean age of stored water ranges from half as old as streamflow, for a homogenous plug flow system with α→∞, to much older than the mean age of streamflow, for a heterogeneous system where most flow is preferential, with α→0 ( Figure 3g ). The mean ages of storage and streamflow are only equal for well-mixed systems (α = 1).
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Field data also support the use of gamma distributions as empirical models for catchment transit time distributions. Power spectra of tracer time series from many diverse catchments are broadly consistent with gamma transit time distributions with α ≈ 0.5, which have a sharp peak at short lag times and relatively long upper tails [Kirchner et al., 2000 [Kirchner et al., , 2001 Godsey et al., 2010] , a result that is also supported by time domain convolutions and modeling studies [e.g., Dunn et al., 2010; Hrachowitz et al., 2010; Tetzlaff et al., 2011; Heidbüchel et al., 2012; Seeger and Weiler, 2014; Benettin et al., 2017] . Real-world streamflow age distributions may not be perfectly described by a gamma distribution, and other (nonparametric) age distributions may be more realistic in specific cases. Nevertheless, gamma distributions can capture a wide range of behaviors and thus are useful for illustrating the general relationship between streamflow ages and storage ages.
Assuming hypothetical gamma distributions for outflow age, we can now directly formulate the corresponding probability density function for storage age:
This means that the cumulative age distribution of storage can also be expressed as a function of α and τ:
S(τ) can be estimated straightforwardly by numerical integration. Based on equations (10)- (13), we calculated storage age distributions for different values of the shape factor (Figure 3 ). These shape factors describe very different streamflow transit time distributions and imply markedly different residence time distributions of storage, as further illustrated by the storage selection functions and the comparison of the cumulative distributions S(τ) and O(τ) in Figure 3 .
The mean age of stored water (Figure 3g ) ranges from half as old as streamflow (for pure plug flow, with α→∞), to almost infinitely older than streamflow (for highly heterogeneous aquifers, with strongly preferential flow and α→0). Only for perfectly mixed systems are the age distributions (and thus the mean ages) in storage and streamflow equal. More generally, we can say that for the same mean age of streamflow, the larger the fraction of young water in a river (the smaller the shape factor α), the older the mean age of the water in the aquifer that feeds the river. Shape factors of α~0.5, which have been reported in many catchments around the world, imply that we should generally expect aquifers to be older than the stream waters that drain them.
Estimating the Age of Groundwater
In real-world aquifers, groundwater ages can be inferred from isotopic and geochemical tracers in well or spring waters [e.g., Bethke and Johnson, 2008; Torgersen et al., 2013; Jasechko et al., 2017] but not across larger spatial domains (e.g., throughout an entire catchment). The relationship between groundwater ages and streamflow ages, derived above, potentially provides a way to constrain groundwater age distributions from estimates of stream water age distributions. Here we use the analysis presented above, along with streamflow age distributions from the literature, to provide insight into what groundwater age distributions can be expected.
There are several methods for estimating transit time distributions of streamflow [see McGuire and McDonnell, 2006] , including time domain convolution approaches [e.g., Stewart and McDonnell, 1991; Weiler et al., 2003; Hrachowitz et al., 2010] , model-based approaches [e.g., Botter et al., 2011; van der Velde et al., 2012; Harman, 2015] , and spectral analysis [e.g., Kirchner et al., 2000 Kirchner et al., , 2001 Godsey et al., 2010] . To illustrate the range of distributions that may occur in nature, we used equation (11) to obtain the cumulative age distributions of streamflow for the 5th, 25th, 50th, 75th, and 95th percentiles of α values among the 53 catchments reported in Godsey et al. [2010] , Hrachowitz et al. [2010] , and Seeger [2013] and used equation (13) to calculate the corresponding cumulative age distributions of storage in steady state (Figure 4 ). Across this range of α values,
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storage is significantly older than streamflow (note the logarithmic scale in Figure 4a ). To illustrate how catchments release water parcels of different ages under these conditions, we also plot the associated storage selection functions ω O . These show similar general shapes, indicating a strong preference for releasing younger waters as streamflow (Figures 4c and 4d) .
The age distributions shown in Figure 4 can be converted to years, given an estimate of the mean transit time τ. Mean transit times reported in a synthesis of nearly 100 catchments [McGuire and McDonnell, 2006] yield an interquartile range of 1 to 2.4 years. This interquartile range, combined with the interquartile range of the age distributions presented in Figure 4a , yields estimates for the mean residence time of storage that range from just over a year (for α = 0.60 and τ ¼ 1 year) to approximately 5 years (for α = 0.38 and τ ¼ 2:4 years). The corresponding total volume of storage S 0 can be calculated by multiplying the mean streamflow rate and the mean transit time (equation (6):
Global streamflow rates average~280 mm yr À1 but vary strongly between regions [Dai and Trenberth, 2002] . For several hundred diverse catchments located across the United States [Berghuijs et al., 2014] , the interquartile range of mean streamflows is 211 to 511 mm yr These storage volumes are a small fraction of global groundwater storage, which has been estimated to average 15 m in the upper 100 m of the Earth's crust and 180 m in the upper 2 km [Gleeson et al., 2016] . Our analysis therefore implies that streamflow largely comes from a thin veneer of total groundwater storage and thus that deeper groundwaters (that are not part of our estimated age distributions) must exchange only slowly with the surface. Consequently, most storage must be much older than the relatively small fraction of groundwater that most actively participates in the hydrologic cycle (which in turn will be older than streamflow). This inference is consistent with place-based groundwater-surface water modeling [Toews et al., 2016; Ala-aho et al., 2017] and more generalized topography-driven modeling of groundwater flow [Cardenas, 2007 [Cardenas, , 2008 Wörman et al., 2007] . In addition, it is consistent with recent analyses of isotope 
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data showing that most groundwater at depths below~40 m is over 60 years old, and most groundwater below~200 m depth is pre-Holocene in age [Jasechko et al., 2017] . The great age of these deep, old groundwaters directly implies that they must exchange only slowly with the surface, because otherwise they could not be so old. Because they contribute a negligible fraction to streamflow, the tracer signals that they impart may be unmeasurable in streams. Because we cannot accurately constrain the extreme upper tail of the stream water age curve, the approach outlined in sections 2 and 3 above cannot be used to estimate the contribution of very old water to the storage age distribution.
Our analysis quantifies the steady-state relationship between the age distribution of storage and the age distribution of its total outflow. In catchments, this outgoing flux includes not only streamflow but also evapotranspiration, which often exceeds stream discharge [Rodell et al., 2015] . Age distributions of evaporative losses have not yet been systematically measured at the catchment scale [Soulsby et al., 2016] . However, we expect evapotranspiration, like streamflow, to preferentially draw from younger storage ages. A significant component of total evapotranspiration is canopy interception, which consists entirely of recent rainfall [Crockford and Richardson, 2000] . In addition, transpiration originates mostly from shallow soil water [e.g., Goldsmith et al., 2012; Good et al., 2015] , which will generally be younger than deeper groundwaters. This means that evaporative losses are likely to have a similar (or even more skewed) age distribution compared to runoff. Consequently, we expect that if the age distribution of evaporative fluxes could be taken into account, the age contrast between storage and outflow would be at least as large as we have estimated above. Empirically determining the age distribution of evaporative fluxes will be relevant to almost any application using tracer data to understand water transport in the hydrological cycle and thus should be a focus of future research [Soulsby et al., 2016] . Nonetheless, to the extent that evapotranspiration and streamflow come from different storages, the age distribution of streamflow can be used to infer the age distribution of the storage it comes from, even if the age distribution of evapotranspiration is unknown.
The age distributions of short-term (e.g., daily) streamflows are time varying [e.g., Harman, 2015; Benettin et al., 2017] and thus can diverge from the steady-state solution. In contrast, groundwater storage volumes generally far exceed the volume of outflow (at event time scales), and consequently, storage age distributions tend to be much more stable. This means that even if steady-state assumptions are of limited use to predict time-varying streamflow age distribution at short time scales, they can nonetheless be useful in constraining storage age distributions and their relationships to streamflow ages averaged over longer time periods. Better estimating the accuracy of the steady-state solution for such purposes requires additional numerical experiments that are beyond the scope of the present paper and will be presented in future work.
Summary and Implications
Aquifers are often much older than the stream waters that drain them. This contrast in water ages can be explained as a consequence of subsurface heterogeneity, using either simple physically based reasoning (Figure 1 ) or more detailed modeling approaches. Under stationary conditions, conservation of mass and age implies that the amount of storage at any age τ (and thus the rate at which storage becomes older than that) must equal the cumulative outflow that exceeds the same age τ as it leaves the catchment ( Figure 2 and equation (1)). For stationary catchments, simple relationships directly express the residence time distribution of storage as a function of the transit time distribution of outflow, and vice versa (equations (2)- (5)). This establishes a framework for estimating storage age distributions (which are generally unknown) from streamflow age distributions (for which tracer-based estimates may be available), if quasi-stationarity can be assumed.
The relationships explored here represent a special (stationary) case of the more general (nonstationary) storage selection function framework. In the stationary special case, one can directly calculate the storage selection function from the age distribution of outflow alone (equation (8)), without any direct information concerning the age distribution of storage. This result establishes a quantitative framework for using stream water age distributions to estimate catchments' tendencies to release or retain waters of different ages.
Examples based on gamma distributions illustrate how streamflow ages translate into storage ages (Figure 3 and equations (10)- (13)). Our results show (Figure 3 ) that the mean age of stored water can range from half as old as streamflow (for plug flow conditions) to almost infinitely older (for strongly preferential flow). For Geophysical Research Letters 10.1002/2017GL074962 streamflow transit time distributions reported in the literature, we find that typical aquifers must be significantly older than the stream waters that drain them (Figure 4a ), that they preferentially release the youngest stored waters to streamflow (Figures 4c and 4d) , and that most streamflow originates from a thin veneer of total groundwater storage (Figure 4b ). This preferential release of young streamflow means that most groundwater is largely isolated from the surface, consistent with isotopic and geochemical tracer data suggesting that deep groundwaters are often very old [e.g., Jasechko et al., 2017] . Our method only quantifies storage ages in the thin veneer of groundwater that contributes disproportionately to the contemporary hydrologic cycle; the age distributions of deeper groundwaters that are largely isolated from the modern hydrologic cycle cannot be accurately constrained using stream water age data.
Where information is available for both storage ages and streamflow ages, our analysis establishes consistency relationships through which each could be used to better constrain the other. By quantifying the relationship between groundwater and streamflow ages, our analysis provides tools to jointly assess both of these important catchment properties.
